Adipose tissue (AT) plays a major role in metabolic adaptations in postpartum (PP) dairy cows. The endocannabinoid (eCB) system is a key regulator of metabolism and energy homeostasis; however, information about this system in ruminants is scarce. Therefore, this work aimed to assess the eCB system in subcutaneous AT, and to determine its relation to the metabolic profile in peripartum cows. Biopsies of AT were performed at 14 d prepartum, and 4 and 30 d PP from 18 multiparous peripartum cows. Cows were categorized retrospectively according to those with high body weight (BW) loss (HWL, 8.5 ± 1.7% BW loss) or low body weight loss (LWL, 2.9 ± 2.5% BW loss) during the first month PP. The HWL had higher plasma non-esterified fatty acids and a lower insulin/glucagon ratio PP than did LWL. Two-fold elevated AT levels of the main eCBs, N-arachidonoylethanolamine (AEA) and 2-arachidonoylglycerol (2-AG), were found 4 d PP compared with prepartum in HWL, but not in LWL cows. AT levels of the eCB-like molecules oleoylethanolamide, palmitoylethanolamide, and of arachidonic acid were elevated PP compared with prepartum in all cows. The abundance of monoglyceride lipase (MGLL), the 2-AG degrading enzyme, was lower in HWL vs. LWL AT PP. The relative gene expression of the cannabinoid receptors CNR1 and CNR2 in AT tended to be higher in HWL vs. LWL PP. Proteomic analysis of AT showed an enrichment of the inflammatory pathways' acute phase signaling and complement system in HWL vs. LWL cows PP. In summary, eCB levels in AT were elevated at the onset of lactation as part of the metabolic adaptations in PP dairy cows. Furthermore, activating the eCB system in AT is most likely associated with a metabolic response of greater BW loss, lipolysis, and AT inflammation in PP dairy cows.
Introduction
In high-yielding dairy cows, adipose tissue (AT) plays an important role in the metabolic adaptations during the transition from late pregnancy to calving, and the onset of lactation. During average lactation number of 3.6 (range 2-6) participated in this study, conducted during the summer season (August-October). These cows were part of a large study that examined the effects of season on late pregnant cows [29] . The cows were not cooled during late pregnancy; however, they were exposed to five cooling sessions per day PP according to a routine cooling management at the dairy farm, as previously described [30] . Ambient temperature and relative humidity (RH) were recorded every 3 h by the Israel Meteorological Service (Bet Dagan, Israel). Maximum RH and minimum ambient temperature as well as thermal heat index (THI) calculations were determined [30] . All cows were group-housed in a covered pen with an adjacent outside yard, and fed ad libitum once a day at 1100 h with a standard Israeli diet. The typical Israeli diet contains relatively high concentrate (65-67%), and low forage (33-35%) .The composition and nutritional value of the pre-and PP diets are presented in Table 1 .
Feed samples were analyzed for their content of N (AOAC [31] , method 984.13; Kjeltec 8400 Analyzer; Foss Analytical AB, Höganäs, Sweden), NDF and ADF (equipment from Ankom Technology, Fairport, NY), using α-amylase and sodium sulfite for NDF [32] , Ca (AOAC [31] , method 935.13), P (AOAC [31] , method 964.06), and ether extracts (AOAC [31] , method 996.06). Samples were dried at 550˚C for 3 h for ash determination.
Prepartum, cows were weighed at the day of AT biopsy (14 d prepartum). After calving, milk production and BW were recorded electronically three times daily at the milking parlor (SAE, Kibbutz Afikim, Israel). In addition, milk samples were collected once a month from 3 consecutive milking sessions, and were analyzed for milk fat, protein, lactose, and urea by infrared analysis (standard IDF 141C:2000) at the laboratories of the Israeli Cattle Breeders' Association (Caesarea, Israel). The body condition score (BCS; scale of 1-5) was determined by a single technician on the day of the AT biopsy: at 14 d prepartum, and at 4 and 30 d PP. According to routine management in Israel, all cows were examined by a veterinarian 5 to 10 d after calving, treated according to the farm's routine management, and clinical events and treatments were recorded.
Defining the subgroups of cows according to their degree of BW loss PP
To examine the different metabolic responses between PP cows, we divided the cows retrospectively at the end of the study into those with low body weight loss (LWL) and high weight loss (HWL), as described previously [5, 7] . Briefly, cows losing more than the mean BW loss of all cows were regarded as HWL and those losing less were defined as LWL. In addition, since we have previously shown that this trait is repetitive within cows across lactations [7] , for each of the cows we also collected data on their BW loss in previous lactations, and analyzed the degree of BW loss across lactations.
Analysis of metabolites and hormones in blood plasma
Blood samples for non-esterified fatty acids (NEFA), insulin, glucagon, glucose, the oxidative stress marker malondialdehyde (MDA), and tumor necrosis factor α (TNFα) were collected twice weekly from 14 d before expected calving until 30 d PP from the jugular vein into vacuum tubes containing lithium heparin (Becton Dickinson Systems, Cowley, England). The blood samples were collected after the morning milking at 0800 h, and plasma was separated after centrifugation at 4000 × g for 15 min and then stored at -32˚C pending analyses. Plasma NEFA, glucose, insulin, and glucagon were determined as previously described [29] by a single assay; the intra-assay CV was 6.9% for NEFA, 2.6% for glucose, 7.4% for insulin and 7.2% for glucagon. Plasma MDA concentrations were measured according to the fluorimetric thiobarbituric acid reactive substances assay [33] ; the intra-and inter-assay CV was 9.6% and 2.7%, respectively. Plasma TNFα concentrations were determined with a Bovine TNF-α duoset ELISA kit (R&D Systems, Inc., Minneapolis, MN); the intra-and inter-assay CV was 9.5 and 5.6%, respectively.
Adipose tissue biopsies
Subcutaneous AT biopsies were taken from each cow at three time points: late pregnancy (261 ± 5 d of pregnancy, on average, 14 d prepartum), at day 4 PP, and at day 30 PP. The AT samples were taken from the subcutaneous fat pad around the pin bones. Biopsies were taken at each time point from contralateral sides of the tail head region as previously described [5] , immediately frozen in liquid nitrogen, and stored at -80˚C.
Endocannabinoid measurements
The levels of eCBs were determined in AT samples obtained at 14 d prepartum (n = 10) and at 4 d PP (n = 10) from a randomly selected subgroup of 5 HWL and 5 LWL cows. AEA, 2-AG, oleoylethanolamide (OEA), palmitoylethanolamide (PEA), and arachidonic acid (AA) in AT were extracted, purified, and quantified by the stable isotope dilution LC-MS/MS method as described previously [34] . The values are expressed as fmol/mg tissue (wet weight), pmol/mg tissue (wet weight), or nmol/mg tissue (wet weight).
Protein extraction from AT and proteomic analysis
Proteins were extracted from additional AT samples obtained from the same randomly selected subgroup of 5 HWL and 5 LWL cows used for the eCB analysis at 14 d prepartum (n = 10), and at 4 d PP (n = 10) as previously described [29] . Additionally, we measured the proteome of AT in dairy cows 30 d PP (n = 10), since data at this time in lactation have not yet been explored. The protein concentration in each sample was determined using the bicinchoninic acid (BCA) assay. Samples were subjected to in-solution tryptic digestion using a modified Filter Aided Sample Preparation (FASP) protocol and then were loaded onto a nano-ultra performance liquid chromatography apparatus (UPLC), and finally subjected to mass spectrometry as previously described [29] . Protein was quantified by intensity-based label-free proteomics, and raw data were processed as previously described [29, 35] .
Bioinformatics analysis
Proteins that were differentially abundant at P < 0.05 and fold change (FC) ± 1.5 were analyzed by Qiagen's Ingenuity 1 Pathway Analysis (IPA
1
, Qiagen Redwood City, www.qiagen. com/ingenuity) to determine the most significantly relevant pathways and biological functions. Data from IPA were curated for relevance to ruminants by excluding irrelevant pathways.
Western blot analysis
To validate the results of the proteomic data, protein abundance was determined in AT samples obtained at 14 d prepartum and at 4 d PP. For western blotting, the protein concentration of the sample homogenate was measured according to the Bradford assay (Bio-Rad protein quantification kit). Then, 20 μg of sample in Laemmli loading buffer was resolved by SDS-PAGE under reducing conditions, and transferred onto a nitrocellulose membrane with the following antibodies: perilipin (1:2000, #9349, Cell Signaling Technology, Danvers, MA), MGLL (1:1000, ab24701, Abcam Biotech, Cambridge, UK), and β-actin (1:1000, ab46805, Abcam Biotech). In addition, we examined the abundance of CB1 (1:200, ab23703, Abcam Biotech) and FAAH (1 μg/mL, ARP33121_P050, Aviva Systems Biology, San Diego, CA) in AT samples. Goat anti-rabbit HRP conjugated secondary antibody (Jackson Immunoresearch 111-035-003, PA, USA) at a concentration of 1:10,000 was used for an enhanced chemiluminescence reaction for protein detection. Data were processed and analyzed by densitometry using ImageJ software (NIH, Bethesda, MD). To ensure that quantitative data were obtained, chemiluminescence signals were measured after at least five consecutive exposure times to determine the linear range of the signal intensity of each antibody. Specific band signals were normalized to β-actin.
Quantitative real-time PCR of AT samples
Gene expression was determined in all AT samples obtained at 14 d prepartum and at 4 d PP (excluding 7 biopsies in which we did not have sufficient biological replicates for mRNA analyses). For RNA extraction, *40 mg of AT samples were homogenized with one metal bead in 1 mL of lysis solution using the RNeasy lipid tissue mini kit (Qiagen, Hilden, Germany). RNA quality was assessed and its 260/280 ratio was above 1.85. First-strand cDNA was generated using a cDNA reverse transcription kit (Applied Biosystems, Foster City, CA). Quantitative detection of specific mRNA transcripts was carried out by real-time PCR using a StepOnePlus instrument (Applied Biosystems) using the SYBR green PCR mix (Invitrogen, Carlsbad, CA). We examined the expressions of eCB-related genes: CNR1, CNR2, MGLL, fatty acid amide hydrolase (FAAH), N-acyl phosphatidylethanolamine-specific phospholipase D (NAPEPLD); genes related to lipid metabolism: hormone-sensitive lipase (HSL), leptin (LEP), and fatty acid binding protein 4 (FABP4); and inflammatory genes: TNFα, interleukin-1β (IL1β), and haptoglobin (HP). The list of primers is presented in Table 2 . Primers were validated before use, and data were normalized for the content of the reference gene, bovine ribosomal protein S2 (BRPS2) mRNA in AT samples. This gene was chosen as a reference gene after examining several candidate genes in AT (UXT, BRPS2, EIF4E, GAPDH, and β-actin), and it was concluded that the BRPS2 expression levels were the most stable ones among the AT samples. The values used for statistical analysis were the delta-delta CT (relative quantity, RQ) of each gene; the values were normalized to the quantity of one LWL cow and then divided by the average RQ of each gene in the LWL group (hence, the average RQ in LWL is 1 for each gene).
Statistical analysis
Plasma concentrations of glucose, NEFA, insulin, glucagon, the insulin/glucagon ratio, MDA, and TNFα as well as milk and FCM yields and cows' body weights, protein abundances from western blots as well as mRNA expressions were analyzed as repeated measurements with the MIXED procedure, version 9.2 (SAS, 2002). BCS measurements at 14 d prepartum, 4 and 30 d PP were analyzed using the SAS GLM procedure (version 9. 2, 2002) . The values of eCB measurements are expressed as the mean ± SEM. Unpaired two-tailed Student's t-test was used to determine differences between groups. In addition, in order to examine the effects of time and the interaction time � subgroup, we analyzed the eCB data as repeated measurements with the MIXED procedure, version 9.2 (SAS, 2002).
Proteomics data, after logarithmic transformation, were analyzed by unpaired two-tailed Student's t-test to examine the effects of subgroup (HWL vs. LWL) at each time point (14 d prepartum, 4 and 30 d PP). Differentially abundant proteins (DAP) for each effect were determined by P < 0.05 and an absolute fold change (FC) > 1.5. In addition, we analyzed the proteomic data by 2-way ANOVA (Statmodel of Python, version 3.6.4) to determine the effects of time and the interaction between time and subgroups (HWL vs. LWL). The data analysis was based on Feise's [36] strategy by calculating the ratios of the observed quantitative difference as well as identifying outlying measurements that would skew the analysis, specifically for every significant protein. Next, we corroborated the findings of several proteins from the proteomic analysis by validation using independent analytical methods (RT-PCR and WB). When FC was greater than +1,000 or less than -1,000, the abundance of the specific protein was considered as present in one group and not detected in the other.
The effect of disease was examined and was not found to be significant for any of the variables; therefore, it was excluded from the model. Significance was set at P < 0.05 and tendencies were set at P < 0.10.
Results

Characterizing cows as HWL and LWL PP
In the present study, we retrospectively characterized the cows as HWL or LWL based on the percentage of BW loss between week 1 and week 5 PP, as previously described [5, 7] . Accordingly, nine cows were defined as HWL (on average, 8.5 ± 1.7% BW loss, range 6.8-11.5%), and 9 cows were LWL (on average, 2.9 ± 2.5% BW loss, range -0.6-6%). The average lactation number was similar between groups: 3.6 lactations for HWL and 3.7 lactations for LWL cows (range: 2-6 lactations). As shown in Fig 1A, HWL cows lost significantly more BW (as a percentage of BW at week 1 PP) than did LWL cows between weeks 2-6 PP (Fig 1A) . The weekly average BW of each subgroup during weeks 1-6 PP is shown in Fig 1B; the average BW of HWL cows at week 1 PP tended to be higher than LWL (703.3 vs. 680.6 kg, for HWL and LWL, respectively, SEM = 8.7, P < 0.07), as well as in week 2 PP (689.2 vs. 669.1 kg, for HWL and LWL, respectively, SEM = 7.8, P < 0.07). However, the average BW was significantly lower in HWL than in LWL in weeks 5 and 6 PP (P < 0.01; Fig 1B) . Importantly, the average BW at 14 days before calving was not different between groups (737.9 and 719.1 kg, for HWL and LWL, respectively, SEM = 23.2, P < 0.6). To further support our decision to analyze the present study based on the degree of BW loss during the first month PP, we collected the BW data from the previous lactations of the 18 cows participating in this study, and analyzed the percentage of BW loss across lactations. Interestingly, it was found that across lactations 2-6, the percentage of BW loss tended to be higher in HWL than in LWL cows (8.6 ± 0.9% in HWL vs. 5.7 ± 1.4% in LWL, P < 0.1), indicating that this trait is repetitive within animals and reflects the difference in metabolic response PP.
The cows' body condition score (BCS), an indicator of their degree of fatness, was near tendency to be higher in HWL compared with LWL cows at 14 d prepartum (3.9 vs. 3.5 units, SEM = 0.2, P < 0.13). No differences in BCS between groups were observed at 4 d PP (3.4 and 3.1 units in HWL and LWL cows, respectively, SEM = 0.2, P < 0.3). However, the loss of BCS units from 14 d prepartum to 30 d PP tended to be higher in HWL compared with LWL cows (1.4 vs. 0.9 units in HWL and LWL cows, respectively, SEM = 0.18, P < 0.07).
Milk yields during the first month PP did not differ between HWL and LWL cows (36.0 and 37.7 kg/d, respectively, SEM = 2.3, P < 0.6), nor did the 4% fat-corrected milk (FCM) production (34.0 and 37.4 kg/d, SEM = 3.0, P < 0.4). In addition, milk yields during the first 100 d of lactation did not differ between HWL and LWL cows (42.1 and 41.6 kg/d, SEM = 2.9, P < 0.9) nor did the 4% FCM production (38.0 and 39.2 kg/d, SEM = 3.1, P < 0.8). Information about the cows' feed intake is lacking due to the group housing of the animals in this experiment. The average THI during the experiment was 72.4 ± 3.4 (range 65.4-78.1).
None of the cows showed any clinical signs of disease on the day of the AT biopsy. All cows were examined by a veterinarian at 5-10 d PP according to the farm's routine; one HWL and one LWL cow had light ketosis and they were treated once with a propylene glycol drench and fully recovered. Two other cows (1 HWL and 1 LWL) were detected with metritis; they were successfully treated once and recovered. The endocannabinoid system in subcutaneous adipose tissue of periparturient dairy cows PLOS ONE | https://doi.org/10.1371/journal.pone.0205996 November 7, 2018 Circulating levels of metabolites and hormones in HWL and LWL cows Prepartum, glucose levels were higher in HWL than in LWL cows (61.8 vs. 58.1 mg/dL, SEM = 1.2, P < 0.05; Fig 2A) . During the last week of pregnancy, the average plasma NEFA concentrations tended to be higher in HWL compared with LWL cows (369.3 vs. 247.4 μmol/L, respectively, SEM = 50.5, P = 0.1; Fig 2B) . No differences in plasma insulin (P < 0.7; Fig 2C) , glucagon (P < 0.3; Fig 2D) , and in the insulin/glucagon ratio (P < 0.3) were observed prepartum between HWL and LWL cows. The endocannabinoid system in subcutaneous adipose tissue of periparturient dairy cows Postpartum, plasma glucose concentrations tended to be lower in HWL than in LWL cows (51.3 vs. 54.2 mg/dL in HWL and LWL, respectively, SEM = 1.3, P < 0.1; Fig 2A) , and plasma levels of NEFA were significantly higher in HWL than in LWL cows PP (636.1 vs. 454.6 μmol/ L, respectively, SEM = 47.2, P < 0.02; Fig 2B) . Plasma insulin concentrations tended to be lower in HWL than in LWL cows PP (733.6 and 866.0 pg/mL in HWL and LWL, respectively, SEM = 53.6, P < 0.1; Fig 2C) . Glucagon levels were higher in HWL compared with LWL cows PP (171.0 vs. 134.1 pg/mL, respectively, SEM = 10.3, P < 0.05; Fig 2D) , and the insulin/glucagon ratio was significantly lower in HWL than in LWL PP cows (4.1 vs. 6.0 in HWL and LWL, respectively, SEM = 0.5, P < 0.04).
Since increased lipolysis in AT elevates oxidative stress [37] , we examined the circulating levels of MDA, an indicator of oxidative stress. No differences in MDA levels were observed between HWL and LWL cows prepartum (330.4 and 242.1 nM, respectively, SEM = 54.2, P < 0.3) or PP (430.4 and 325.0 nM, respectively, SEM = 53.0, P < 0.2). However, the MDA levels tended to be higher in HWL compared with LWL cows during the first week PP (474.2 vs. 324.2 nM, respectively, SEM = 65, P < 0.1). Throughout the transition period, plasma TNFα levels were similar in HWL vs. LWL cows (663 vs. 353 pg/mL, respectively, SEM = 230, P < 0.4). eCB levels in AT. A comparison of eCB levels in pre-vs. PP AT revealed elevated levels of eCB PP vs. prepartum: AEA (1.58 vs. 0.93 fmol/mg, SEM = 0.21, P < 0.04; Fig 3A) , OEA (186.7 vs. 84.0 pmol/mg, SEM = 18.0, P < 0.0003; Fig 3C) , PEA (120.2 vs. 44.8 pmol/mg, SEM = 8.6, P < 0.0001; Fig 3D) , and AA (2.5 vs. 1.1 nmol/mg, SEM = 0.2, P < 0.0001; Fig 3E) , respectively. The levels of 2-AG in AT were similar PP compared to those levels prepartum (0.72 vs. 0.59 nmol/mg, respectively, SEM = 0.08, P < 0.3; Fig 3B) .
When we compared eCB levels in HWL vs. LWL AT, we found twofold elevated levels of AEA ( Fig 4A) and 2-AG (Fig 4B) in AT of HWL cows at day 4 PP compared with 14 d prepartum (AEA: 0.94 vs. 2.18 fmol/mg, in pre-and PP, respectively, SEM = 0.23, P < 0.05; 2-AG: 0.56 vs. 0.97 nmol/mg, in pre-and PP, respectively, SEM = 0.10, P < 0.05), but those differences between pre-and PP were not found in LWL cows. On the other hand, the levels of OEA, PEA, and AA were significantly higher in PP compared with prepartum AT, both in LWL and HWL cows (Fig 4C-4E) . In addition, a significant difference was found in OEA levels at day 4 PP between LWL and HWL cows (Fig 4C; 151 .0 vs. 223.0 pmol/mg, SEM = 17.9, P < 0.05). Except for 2-AG (P < 0.01), the interaction of time and subgroup (HWL vs. LWL) was not significant.
Gene expressions in AT. The expressions of genes related to the eCB system, lipid metabolism, and inflammation were examined in pre-and PP AT. Prepartum, the expression of CNR1, encoding the CB1 receptor, tended to be higher in HWL compared with LWL AT (1.0 vs. 0.1 RQ in HWL and LWL, respectively, P < 0.07), and the expression of CNR2, encoding the CB2 receptor, did not differ between the subgroups (1.0 and 0.9 RQ in HWL and LWL, respectively, P < 0.9). The mRNA expressions of eCB-related genes: MGLL, FAAH, and NAPEPLD; of the lipid metabolism genes: HSL, LEP, and FABP4, and of inflammatory genes: TNFα, IL1β, and HP did not differ between subgroups in prepartum AT (P < 0.8).
Postpartum, when differences in eCBs were evident between HWL and LWL AT, the mRNA expressions of CNR1 (P < 0.1) and of CNR2 (P < 0.1) in AT tended to be higher in HWL compared with LWL cows (Table 3) . Across times (14 d prepartum and 4 d PP), the expression of CNR1 tended to be higher in HWL than in LWL cows (1.0 vs. 9.9 RQ for LWL and HWL, respectively, SEM = 4.1, P < 0.1). The mRNA expression levels of MGLL, FAAH, NAPEPLD, HSL, LEP, FABP4, TNFα, and IL1β did not differ between the subgroups, but the expression of HP tended to be higher in HWL vs. LWL AT PP (P < 0.1; Table 3 ). The effects of time and the interaction of time and subgroup (HWL vs. LWL) were not significant for any of the examined genes.
Proteomic analysis of ATs
To explore the shift in the AT metabolic state, we conducted a longitudinal proteomic analysis on AT samples from HWL and LWL cows (n = 5 in each) at 3 time points for each cow: 14 d prepartum, 4 d, and 30 d PP (a total of 30 AT samples were analyzed). A total of 1,913 proteins were identified in AT (S1 Table) . Since the objective of the proteomic analysis was to examine differences in the AT metabolic state between HWL and LWL, we focused on the effect of subgrouping at each time point. The abundance of 28 proteins was different [P < 0.05 and fold change (FC) ± 1.5] between HWL and LWL AT at 14 d prepartum, whereas 176 proteins (9.2% of total proteins) differed between HWL and LWL AT at 4 d PP, and 35 proteins differed between HWL and LWL AT at 30 d PP. Of note, the dataset of the AT proteome at 14 d prepartum was previously applied to examine seasonal effects [29] .
Comparing the top 25 canonical pathways by Venn diagram [38] (S1 Fig) revealed that two pathways were enriched at all 3 time points in HWL vs. LWL AT: the complement system and acute phase response signaling. Indeed, the abundances of three acute phase proteins differed in AT of HWL compared with LWL cows at 4 d PP: haptoglobin (HP; FC = 64, P < 0.006; Fig  5A) , alpha-1-acid glycoprotein (ORM1; FC = -2.35, P < 0.007; Fig 5B) , and von Willebrand The endocannabinoid system in subcutaneous adipose tissue of periparturient dairy cows PLOS ONE | https://doi.org/10.1371/journal.pone.0205996 November 7, 2018 factor (VWF; FC = -2.33, P < 0.01; Fig 5C) . The abundance of the oxidative stress-related protein glutathione reductase (GSR) was not detected in HWL but was abundant in LWL AT at 4 d (FC < 1000; P < 0.037; Fig 5D) , whereas at 30 d it showed an opposite trend (FC > 1000; P < 0.02; Fig 5D) . The effects of time and the interaction of time and subgroup were not significant for HP, VWF, or GSR. However, the effect of time (P < 0.03) and the interaction of time and subgroup (P < 0.004) were significant for ORM1.
The abundance of the lipid metabolism-related protein perilipin 1 (PLIN1) tended to be lower in HWL than in LWL at 4 d PP (FC = -2.03, P < 0.09), which was validated by a western The endocannabinoid system in subcutaneous adipose tissue of periparturient dairy cows blot analysis (P < 0.1; Fig 6A) . The abundance of MGLL did not differ between HWL and LWL AT at different time points, but after combining the proteomic data from 14 d prepartum with 4 d PP (across times), the abundance of MGLL was lower in HWL than in LWL AT (P < 0.04). This was validated by a western blot analysis that showed a trend for reduced abundance of MGLL in HWL than in LWL AT PP (P < 0.17, Fig 6B) . For MGLL in WB, across times, the effect of subgroup (HWL vs. LWL) tended to be significant (P < 0.08); the effect of time tended to be significant (P < 0.09), but there was no interaction of time and subgroup. In the proteomic data, the effects of time and the interaction of time and subgroup were not significant for these proteins. The proteins CB1 and FAAH were not detected by the proteomic analysis; therefore, we examined their abundance in AT by Western blots. Although both the CB1 receptor and FAAH were clearly abundant in all ATs, no differences were found between HWL and LWL AT either prepartum (P < 0.7), or PP (P < 0.98; S2 Fig). No differences in the abundance of CB1 (P < 0.4) and FAAH (P < 0.7) were found when comparing prepartum to PP AT in all cows. The effects of time and the interaction of time and subgroup (HWL vs. LWL) were not significant for these proteins.
Discussion
To the best of our knowledge, this is the first study to describe the presence of key elements of the eCB system in subcutaneous AT in dairy cows. We found elevated levels of eCB AEA, which is a key regulator of metabolism and energy homeostasis, and of the eCB-like molecules PEA, OEA, and AA, in PP compared with prepartum AT. After analyzing the results by the degree of BW loss PP, increased stimulation of the eCB system was found in HWL cows, reflected by: i) elevated levels of AEA and 2-AG, ii) reduced protein abundance of MGLL, and iii) a tendency for elevated gene expression levels of CNR1 and CNR2 in PP AT, compared with LWL cows. This may be in accordance with the differential metabolic state of these cows, https://doi.org/10.1371/journal.pone.0205996.t003
The endocannabinoid system in subcutaneous adipose tissue of periparturient dairy cows as reflected by blood metabolites and hormones. In addition, the longitudinal proteomic analysis of AT revealed increased inflammation through enrichment of the complement and acute phase signaling pathways in PP AT of HWL cows, suggesting that increased eCB stimulation may be related to elevated lipolysis levels and that it is associated with inflammation in AT. This stimulation of the eCB system during the early PP period seems to be part of the metabolic adaptations related to the onset of lactation.
In the present study we found that the levels of AEA and 2-AG were elevated 2-fold PP compared with prepartum in AT of HWL cows, but not in LWL cows. These striking differences were quite surprising, since the levels of OEA, PEA, and AA in AT were higher PP compared with prepartum in all cows. In humans, insulin negatively regulates eCB levels [39] ; therefore, the tendency for lower plasma insulin levels in HWL cows PP may be related to the increased production of eCBs. The levels of AA, the main degrading product of both AEA and 2-AG, were elevated PP similarly in HWL and LWL cows. Hence, we would have expected to find no differences in the eCB levels of the LWL and HWL cows. However, we found increased eCB levels (2-AG and AEA) in HWL AT at 4 d PP, and the levels of the endogenous fatty acid amides (or eCB-like molecules), OEA, and PEA were higher PP in all cows. These ligands, structurally very similar to AEA, and which share common biosynthesis and degradation pathways, are not classical eCBs, since they do not bind to the CB1 and CB2 receptors. This implies that they do not contribute to the development of metabolic abnormalities seen in the HWL cows. Nevertheless, since OEA signals via PPARα and mediates anti-lipogenic effects [40] , it is tempting to suggest that it may also contribute to the increased BW loss seen in the HWL cows, which exhibited higher OEA levels in AT at 4 d PP. This is in accordance with elevated adipocyte OEA levels and decreased subcutaneous fat content that was observed in obese, type-2 diabetic patients [41] . It should be noted that BW loss PP is a normal physiological process in high-yielding PP dairy cows, and that the BW loss in the HWL cows was within a normal range and not indicative of a pathological state. Although sharing a similar inactivating Cows were categorized as either highweight loss (HWL, n = 9) or low-weight loss (LWL, n = 9) based on the percentage of BW loss between weeks 1 and 5 postpartum. The protein abundances of PLIN1 (A) and MGLL (B) were assessed by Western blotting analysis and corrected by β-actin as an internal standard. Samples for the western blot were prepared (×3.5), divided, and loaded to separate gels that ran simultaneously. The MGLL, PLIN1, and β-actin ran in parallel gels due to the proximity of the bands. Data represent the mean ± SEM.
� P<0.05 in HWL vs. LWL AT prepartum. +P<0.1 in HWL vs. LWL AT postpartum.
https://doi.org/10.1371/journal.pone.0205996.g006
The endocannabinoid system in subcutaneous adipose tissue of periparturient dairy cows enzymatic pathway (via FAAH), the adipose AEA, OEA, and PEA levels did not behave similarly PP. Whereas AEA was not elevated in AT of LWL at 4 d PP, OEA and PEA were significantly upregulated at the same time point. It is therefore reasonable to assume that OEA and PEA in LWL cows may contribute to their altered metabolic profile and reduced AT inflammation and lipolysis. Endogenous AEA plays a major role in the development of diet-induced obesity and fatty liver in rodents [42] ; more specifically, it stimulates food intake [43] and energy storage in the form of lipids [44] . In contrast, OEA is anorexigenic and enhances AT lipolysis [45] . In the present study, the elevated levels of AEA, 2-AG, and OEA in PP AT of HWL cows, which exhibit increased lipolysis, is in accordance with a report of elevated 2-AG levels during weight loss [46] . However, this is in contrast with other studies reporting hyperactivity of the eCB system during obesity (reviewed in [14] ) and with the role of AEA in lipid storage. In contrast, reduced subcutaneous AT 2-AG and/or AEA levels were also reported in obese rodents [47, 48] . Moreover, since it was suggested that alterations in eCB levels in humans with obesity may occur in both a gender-and white-AT-depot-specific as well as in an insulin-dependent manner [14] , it is reasonable to assume that this might also be the case with dairy cows, meaning that AT eCB levels reflect differences in metabolic function.
As mentioned above, the only other study that has examined the different components of the eCB system in transition dairy cows found increased hepatic mRNA expression of CNR2 and MGLL in cows fed a moderate-energy diet, compared with those fed a low-energy diet at 7 d PP [28] . Here, we found a tendency for increased AT mRNA expression of CNR1 in HWL compared with LWL cows at 4 d PP. Overactivation of the eCB/CB1 receptor system has been documented both centrally and peripherally during obesity and IR [26, 49, 50] . In humans, subcutaneous AT CNR1 expression levels were 2-fold higher in type 2 diabetic subjects compared with controls [49] , suggesting a potential role of the peripheral eCB system in promoting AT dysfunction and inflammation. Conversely, and as mentioned previously, all the biological actions reported for CB1 receptor activation in AT in vitro minimize lipolysis [14] , which apparently is in contrast with the tendency for increased expression of AT CNR1 in HWL cows, which exhibited increased lipolysis compared with LWL cows, although we did not examine receptor activation-only gene expression. Moreover, at the protein level, no differences in the abundance of CB1 were detected when comparing HWL and LWL AT both preand PP. It can be postulated that the tendency of increase in CB1 expression in HWL AT was a protective mechanism to counter lipolysis. Clearly, further investigation is still required to elucidate the role of the CB1 receptor in AT of PP dairy cows.
A tendency for increased mRNA expression of CNR2 in AT of HWL compared with LWL cows at 4 d PP was also found. In rodents, CNR2 expression was found in the epididymal AT of lean animals, and its expression was enhanced in obese mice in parallel to body weight increase. In addition, its induction in AT has been shown to correlate with AT inflammation [51] . Interestingly, it was found that CNR2 expression was predominantly expressed in the stromal vascular fraction of AT, both in lean and in obese animals, but it was barely detectable in the adipocyte fraction [51] . This is in agreement with the known role of CNR2 in inflammation, and may suggest that in the AT examined in our study the source of CNR2 in AT was the stromal vascular fraction and perhaps not the adipocytes.
The abundance of the eCB-degrading enzyme, MGLL, was lower in HWL than in LWL AT across times (prepatrum and PP). In non-ruminants, MGLL plays a key role in degrading and hydrolyzing 2-AG [52] . Indeed, we found that 2-AG levels were higher PP in HWL compared with LWL AT, which could result from the reduced MGLL levels in AT during this time in HWL cows. However, Cable and colleagues [8] concluded that in humans the MGLL activity is not affected by diabetes, dyslipidemia, or other markers of metabolic dysfunction, suggesting that elevated levels of eCBs are not entirely the result of altered degradation in AT. This may suggest that the lower MGLL levels in AT do not directly relate to the levels of eCBs in AT, or alternatively, that the activity of MGLL, and not its abundance, is relevant in this case. Moreover, no differences in the AT expression or the protein abundance of another eCB enzyme, FAAH, were found when examining HWL and LWL AT both pre-and PP. This may imply that MGLL, but not FAAH, is important for the alteration in eCB levels in AT of peripartum cows.
In this study, the metabolic state of HWL cows differed compared to that of LWL cows, as reflected by the changes in circulating metabolites and hormones during the pre-and PP periods. The HWL cows had increased glucose concentrations prepartum and a tendency for reduced glucose levels PP, coupled with a lower insulin-to-glucagon ratio PP compared with LWL cows. Hammon and colleagues [4] observed no differences in plasma glucagon but found a higher glucagon-to-insulin ratio in cows with high compared with low liver fat content, which is in accordance with our current findings, since cows with lower AT lipolysis levels are presumed to have lower liver fat content. This altered metabolic profile of HWL cows during the transition period demonstrates their unique metabolic response, which supports our classification of subgroups of cows.
Lipolysis triggers AT remodeling characterized by enhanced humoral and cell-mediated inflammatory responses and changes in its distribution of cellular populations and extracellular matrix composition [53] . The HWL cows had increased plasma NEFA concentrations compared with LWL PP, which is in accordance with our previous work [6, 7] and with the results of Hammom and colleagues [4] ; this is expected in cows with higher AT lipolysis. The HWL cows tended to lose more BCS units, ranging from 14 to 30 d PP, than the LWL cows did, which is in agreement with the increased BW loss and increased plasma NEFA concentrations. Since fat mobilization usually increases oxidative stress [37] , a tendency for elevated plasma MDA levels was found at week 1 PP in the HWL cows, which is also in agreement with our previous findings [7] . The enrichment in complementary and acute phase protein signaling pathways found by the proteomic analysis of HWL AT suggests increased inflammation in their AT. In support of this, the circulating TNFα levels in HWL cows were higher than in their LWL counterparts throughout the transition period (P < 0.05), found in a companion study with a similar design (unpublished data). Recently, increased relative mRNA expressions of the eCB synthesizing enzyme NAPEPLD and of the CNR2 receptor, as well as reduced mRNA expressions of the eCB hydrolyzing enzymes, N-acylethanolamine acid amidase and FAAH, were found in endometrium; this was associated with the inflammatory state of these cows [54] . This suggests that tissue eCBs may be increased during inflammation, which is in agreement with our findings of increased eCBs related to inflammation and lipolysis in AT of PP HWL cows. Regarding AT inflammation, this is a normal physiological state in PP dairy cows, and it is not defined as a pathological process per se [37, 53] .
Since the proteomic analysis was not the main objective of this study, we limited our discussion to the major findings that relate to the metabolic profile of AT in HWL and LWL cows. Interestingly, the two pathways that were enriched at all time points (14 d prepartum, 4 and 30 d PP) in HWL vs. LWL AT were complementary and acute phase signaling. Regarding the acute phase signaling pathway, we found that the abundance of HP was higher in HWL at 4 d PP, whereas that of ORM1 and VWF were lower than in LWL AT. Since ORM1 has an antiinflammatory function [55] , it was suggested that its expression in cows' AT may exert local activity by protecting the tissue from increased oxidative stress [56] . On the other hand, we have previously demonstrated that ORM1 was reduced in AT of prepartum cows calving in summer vs. winter [29] . Hence, its abundance is reduced during elevated oxidative stress [29] ; this is in agreement with the present finding since HWL AT was subjected to increased lipolysis, which is associated with higher oxidative stress, which was possibly supported by a tendency for higher plasma MDA during week 1 PP. Since eCBs via the CB1 receptor increase oxidative stress in many tissues, perhaps the reduced ORM1 is associated with increased eCB tone in HWL cows. The reduced abundance of VWF in HWL AT may be for the same reason, whereas the increased HP abundance, which was in agreement with the tendency for increased mRNA expression, can be explained by the elevated oxidative stress [57] . The enrichment of the acute phase signaling pathway indicates an increased inflammatory tone of AT in HWL cows PP.
Taken together, elevated eCB levels in AT were found PP compared with prepartum in dairy cows. Since the eCB system regulates energy homeostasis, these findings may suggest that its role in the metabolic adaptations of the cows is associated with the onset of lactation. Moreover, HWL cows exhibited increased activation of the eCB system in AT coupled with higher lipolysis and signs of increased AT inflammation. Since the HWL cows had similar milk production, we hypothesize that one of the possible physiological outcomes of increased eCB system activation may be related to a hampered reproductive function in these animals [7] ; indeed, a link between the eCB system and reproduction in ruminants has been established [58, 59] . Clearly, further research is required to investigate the relationship between the eCB system, metabolic function, and reproduction in dairy cows. Future research should attempt to shift the activation of the eCB system, most practically by nutritional manipulations, which will affect either the energy balance or the endogenous levels of eCB in transition cows. 
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